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THE HARDENABILITY OF CARBURIZING STEELS
I. INTRODUCTION
1. Introductory.-The problem of the hardenability of carburizing
steels has been a special concern of the automotive industry due to the
use of carburized and hardened roller bearings and gears. The mass
production of such bearings and gears makes it necessary to standard-
ize procedures of carburizing and heat treatment for a consistently
uniform product. To obtain such a uniform product the response of the
steel to commercially-standardized quenching and heat treatment
operations after carburizing must be the same for each bar or gear
put through the cycle.
Methods of selecting steels according to their response to a stand-
ardized carburizing and hardening cycle have been favorably regarded
by the automotive industry, and their laboratories have been engaged
in developing such selection methods. As a result of this activity a
paper was published by W. E. Jominy and A. L. Boegehold of the
General Motors Corporation Research Laboratories staff, entitled "A
Hardenability Test for Carburizing Steel."* The paper describes a
method of testing according to the following procedure:
(1) A bar 3 inches in length is machined to the dimensions indi-
cated in Fig. 1 and provided with an adapter as shown. It is then
placed in a carburizing box and a mixture of one-third old and two-
thirds new carburizing compound is packed around the bar. The
carburizing box thus prepared is placed in a furnace at 1700 deg. F.
for nine hours.
(2) The bar is quickly transferred to a holder on a quenching tank
which holds the end of the hot carburized bar in a central position
with respect to a jet of water which is allowed to impinge on the
cupped end of the bar. The latter is held to a fixed distance of one-
half inch from the orifice of the jet. The amount of water issuing from
the jet is standardized by means of an orifice diameter of one-half inch
and a jet height of 21/2 inches when not obstructed by the end of the
sample during the quench. The sample is thus quenched at one end
from the carburizing temperature of 1700 deg. F. and is allowed to
remain on the fixture until the entire bar has come to room tempera-
ture. Jominy's tabulated data on the cooling rates along the bar are
shown in Table 10.
*Trans. A.S.M. Vol. 26, No. 2, June 1938, pp. 574-599.
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FIG. 1. QUENCH TEST SPECIMEN FOR JOMINY TEST
(3) The bars of steel which have been carburized and quenched
are surface-ground along the entire length of one side to a depth of
0.015 inch, and on the diametrically opposite side to a depth of 0.026
inch. A survey of the hardness is made at intervals of one-fourth inch
from the water-cooled end to the slowly-cooled end along the center
line of each ground surface. The hardenability of various carburized
steels is then stated empirically as the distance in inches from the
water-cooled end through which the hardness of 600 or more Vickers-
Brinell units is attained at the 0.015-inch depth. The limiting hardness
value of 600 Vickers-Brinell units is chosen as consistent with the
minimum of desired wear resistance for the hardened part in service.
Occasionally a higher hardness is obtained at the 0.026-inch depth than
at 0.015 inch, but the Jominy hardenability rating is always made for
the 0.015-inch depth.
In applying the test described in the foregoing to a series of SAE
4615-4620 steels it was noted by Jominy that steels of apparently like
chemical composition and grain size hardened to 600 or more Vickers-
Brinell to different distances from the water-cooled end of the car-
burized bar. Table 5 on page 597 of Jominy's paper shows that out
of 12 fine grain SAE 4620 steels, three steels hardened to at least
600 Vickers-Brinell for a distance of 21 inches from the water-cooled
end, three to 11 inch, three to 7 inch, one to % inch and two to
% inch.
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The reason for such a wide variation of hardenability in ap-
parently similar steels could not be advanced by Jominy and others
who discussed the paper at its presentation. It was therefore realized
that additional research was required to determine the factors causing
low hardenability, and to outline the necessary control procedures in
melting and processing the steels to meet hardenability specifications.
2. Scope of Investigation.-The aim of the present research was to
investigate the hardenability of known low- and high-hardening steels
of increasing alloy content in order to determine whether the Jominy
method of rating the hardenability of carburizing steels was valid.
An intensive study of a series of SAE 4615-4620 steels was then un-
dertaken to determine the factors causing low hardenability.
3. Acknowledgments.-This investigation was undertaken as a part
of the work of the Engineering Experiment Station, University of
Illinois, of which DEAN M. L. ENGER is the Director, and of the De-
partment of Mining and Metallurgical Engineering of which PROFES-
SOR A. C. CALLEN was the head.
The helpful counsel of PROFESSOR A. C. CALLEN and of ASSISTANT
PROFESSORS A. B. WILDER and H. L. WALKER of the Department of
Mining and Metallurgical Engineering during the progress of the
research is gratefully acknowledged.
The aid given to the research by the Timken Roller Bearing Com-
pany Research Laboratories of Canton, Ohio, in supplying steels and
bar analyses, and in making the many carbon analyses deserves special
mention and thanks, as do also the personal attention and interest
which were given to the investigation by DR. GILBERT SOLER, manager
of research, DR. WESTON A. HARE, formerly research engineer, and
MR. R. K. LEE, research engineer.
Steels were also received from the Republic Steel Corporation
through the kindness of DR. J. L. BURNS, Assistant Superintendent of
the Wire Division, Grand Crossing Works, Chicago.
II.-HARDENABILITY TESTS ON CARBURIZED STEELS
4. Preliminary.-Whenever a new method of testing such as that
described by Jominy and Boegehold becomes available it is necessary
to determine whether other laboratories can follow the specified pro-
cedure and obtain the same data on like materials. The Timken Roller
Bearing Company furnished sufficient bar stock of SAE 4620 steels
from several of the same bars used by Jominy and Boegehold and
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FIG. 2. QUENCH TEST SPECIMEN IN POSITION ON FIXTURE OF QUENCHING TANK
WITH WATER JET DIRECTED AT END OF BAR AND DEFLECTED BY CUP END
reported in Table V of the publication cited. A quenching tank was
constructed as illustrated in Fig. 2, according to specifications sug-
gested by Jominy and Boegehold. Their procedure in carburizing,
quenching, and testing the bars of SAE 4620 steels was followed.
It was found that three bars which had been rated by Jominy's
test as having a hardenability of %3, 114, and 21/ inches, respectively,
gave corresponding values of %, 11i and 2 inches in the University of
Illinois metallurgical laboratory. The order of hardenability is the
same as found by Jominy and Boegehold, but the extent of hardening
is slightly less. This can be ascribed to the use of a carburizing com-
pound which was available in the laboratory stores instead of the
specific carburizer used by Jominy and Boegehold. Hardenability tests
made with the type F.S.K. carburizing compound used by them, and
which was made available by the Park Chemical Company, indicated
that the extent of hardenability could be increased by the use of
this material.
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The survey of hardenability along the bar when made with the
Rockwell diamond cone under a load of 150 kilograms (Rockwell "C,"
or Re as it usually appears in the literature) was found to give re-
sults inconsistent with the Jominy-Boegehold hardness values, which
were obtained with the Vickers-type machine using a 10-kilogram load.
A Vickers-type machine was therefore used exclusively for rating the
hardenability of carburized steels.
From these preliminary tests the following conclusions could be
drawn:
(1) Other laboratories can check the hardenability ratings of the
same steels by use of the Jominy method.
(2) To obtain reproducibility of results in various laboratories
the procedure of Jominy and Boegehold must be followed, including
the use of a similarly-efficient carburizer and a Vickers-type hardness
testing machine.
For any particular laboratory the determination of relative harden-
ability for the steels in use there may be determined with any carbu-
rizing compound desired, provided the latter is of uniform efficiency.
The experience with carburizers of apparently different efficiencies
also suggests the possibility of determining relative carburizing ef-
ficiencies by means of a standard steel bar subjected to the Jominy test.
Having established the procedure required to check the results of
Jominy and Boegehold it was possible to investigate and make a com-
parison of hardenability of a series of steels which were expected to
have widely differing hardenabilities.
5. Steels Used.-The steels whose analyses are given in Table 1
were in bar form; bars 1, 2, 3, 4 were forged from billets, and the rest
were hot rolled. All of the bars were annealed at 1650 deg. F. at the
mill and furnace-cooled.
6. Test Procedure.-Test specimens of all the steels in Table 1
were prepared as illustrated in Fig. 1 and carburized at 1700 deg. F.
in a box with solid carburizing compound of the F.S.K. type. One hour
was allowed for the sample to come to furnace temperature, and the
total time in the furnace was nine hours. The quenching of the sample
in the fixture shown in Fig. 2 and the hardness-testing procedure fol-
lowed the specifications cited in the introduction, and check tests made
on the bars indicated that the hardenability ratings could be repro-
duced to within % inch or less. Other tests were made on the surface
of the bars with the Rockwell machine using the diamond cone and a
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TABLE 2
HARDENABILITY OF VARIOUS SAE STEELS; CARBURIZED, QUENCHED, AND HARDNESS
TESTED ACCORDING TO JOMINY AND BOEGEHOLD
Distance from Water-cooled
End for 600 or Higher Vickers- Distance from Water-
Total Alloy Brinell Hardness cooled End for a
S SAE Mn, Si, Cr. Rockwell C HardnessBar Type Ni, Mo, V of 54 or Higher on the
per cent at 0.015-inch at 0.026-inch Surface of the Bar
depth depth in.
in. in.
1 1020 1.03 +e+ -+ less than 4
2 5115 1.86 %+ -+ h+
3 4115 1.91 1+ 1+ 1
4 6115 2.09 H+ -+ %+
5 3115 2.61 % M+ %+
6 4315 3.40 2% 2 24
7 2315 4.40 + %+ %+
8 4815 4.66 24 2% 24
9 2315 5.85 %+ 2% 24
load of 150 kilograms (Rockwell "C" or Re values). These-Rockwell
tests were made on the surface of the bars before they were ground
to depths of 0.015 and 0.026 inch for Vickers hardness tests.
7. Discussion of Data.-The results of hardenability tests on the
steels of Table 1 are given in Table 2. The rating of the hardenability
of the steels in the carburized condition is given for the 0.015- and
0.026-inch depths for the Vickers-Brinell hardness test, and for the
Rockwell C hardness on the surface. For the latter, a reading of 54
Rockwell "C" is equivalent to 600 Vickers-Brinell. The readings were
usually taken every ¼ inch along the bar starting from the water-
cooled end. Therefore, the distances are reported on a plus or minus
basis, the sign indicating a hardenability between the distance given
and the next ¼ inch. The distance to which the carburized bar hard-
ens does not depend directly on total alloy content, since bars 4, 5,
and 7 did not harden to the distance consistent with their higher alloy
content. A comparison of bars 1 and 2 indicates the effectiveness of
a small addition of chromium, and bar 3 the increased effect of the
chromium when a higher molybdenum content is present. The larger
grain size of bar 3 may also have been effective in increasing the
hardenability.
For bars 2 and 4, with practically the same analysis except for a
higher chromium content in bar 4, we find the latter is of the same
order of hardenability as bar 2, notwithstanding the additional
chromium content.
Bars 7 and 9 are of practically the same analysis except for a
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higher chromium content in bar 9, which may have been effective in
increasing its hardenability. On the other hand bars 7 and 8 are also
practically identical in analysis except for an increase of 0.22 per cent
molybdenum in bar 8. If the small increase in molybdenum were
alone responsible for the increased hardenability of bar 8 it would
appear to be out of proportion to the small change in analysis.
In the region where the hardness test was made the carbon content
has been increased to a considerable degree during the carburizing
operation and it was of interest to determine how the steels of bars
1 to 9 would harden in the uncarburized condition.
III. HARDENABILITY TESTS ON UNCARBURIZED STEELS
8. Preliminary.-A method of rating the hardenability of uncarbu-
rized steels was published under the title "Quantitative Hardenability"
by J. L. Burns, T. L. Moore, and R. S. Archer of the Republic Steel
Company.* The method consists of the following procedure, and here-
after will be referred to in this bulletin as the "Burns test":
(1) A bar of steel is machined to one inch in diameter and 4 inches
in length. The surface of the bar is finished on a lathe with No. 3
emery cloth.
(2) The bar thus prepared is heated for 40 minutes to temperatures
recommended for the particular grade of steel in the A.S.M. Hand-
book. These temperatures are usually 40 to 50 deg. F. above the As
critical point on slow heating. The bar is then quenched (fully
immersed and agitated) in water at room temperature, and cross-
sectioned in the middle to obtain a disk for hardness testing.
(3) Hardness tests'are made on the cross-sectioned disk after a
final polish of the surface with 240-grain alundum on a wet wheel.
The hardness tests are made with the Rockwell C penetrator using a
load of 150 kg., the indents being made at 1 6 -inch intervals from the
center along four 45-deg. diameters. At 16 inch from the center, hard-
ness tests are made on only two diameters 90 deg. apart, since the
tests would otherwise be so crowded as to be unreliable. Additional
tests are made on the outer cylindrical surface % inch from the pre-
pared face, and opposite the four diameters on the cross-sectioned face.
This hardness test provides data which are expressed as an S.A.C.
rating, i.e., surface, average, and center hardness. The hardenability
of the particular bar may also be expressed on a percentage basis by
dividing the surface hardness into the average and multiplying by 100.
*Trans. A.S.M. Vol. 26, No. 1, Jan.-Mar., 1938, pp. 1-22.
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TABLE 3
COMPARISON OF HARDENABILITY OF CARBURIZED AND UNCARBURIZED
STEELS OF VARIOUS SAE TYPES
SAE
Type
1020
5115
4115
6115
3115
4315
2315
4815
2315
Total
Alloy
Content
per cent
1.03
1.86
1.91
2.09
2.61
3.40
4.40
4.66
5.85
Rating of Harden-
ability Carbu~rized and dA atnHar enl- SAC RatlngTested According ability
to Jominy Uncar-
burized
SAccording
at0.015-in. at0.026-in. to Burns
Depth
in.
S16+
0+
1+
i +
2%
2
Depth per cent (surface) (average) (center)in.
½+ 48.2 45 21.7 14.5
-+ 78.2 44 34.8 29
1+ 77.0 47 36.2 30
½+ 77.2 42 32.4 28
-+ 74.8 42 31.4 25
2½ 88.5 46 40.7 37
%+ 78.2 46 35.9 29
2: | 89.9 i 46 41.4 39
h+ 2* 95.8 40.5 38.8 37
The percentage hardenability value therefore represents the extent to
which the bar has attained its maximum possible hardenability under
the conditions of test.
The "Burns test" was employed as described for a determination
of the hardenability of the steels shown in Table 1.
9. Discussion of Data.-The results of the tests are given in Table
3, where they are compared with the hardenability as determined on a
"Jominy bar" end-quenched in the carburized condition. The results
of the "Burns test" on uncarburized bars are given in Fig. 3 as a
graph of Rockwell C hardness versus distance from the center of
the bar.
The agreement of the hardenability in the carburized condition with
the percentage hardenability in the uncarburized condition is excellent
when considered as three ranges of low, intermediate, and high hard-
enability. Thus bar 1 with a hardenability of less than % inch has a
per cent hardenability below 50, the intermediate range of 1 - to 1-inch
hardenability for bars 2, 3, 4, 5, and 7 corresponding to a percentage
range of 77 to 78.2, and the high-hardening range of 21/2 inches for
bars 6, 8, and 9 corresponding to a percentage hardenability above 80.
The agreement in the intermediate range is not exact, thus indicating
that the absorption of carbon during carburizing, and the lower cooling
rate as the distance from the water-cooled end of the Jominy bar
increases, have changed the original hardening characteristics as
determined by the Burns test in the uncarburized condition.
Bar
1
2
3
4
5
6
7
8
9
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" 8 4 C 8 8 8 4 8 - 4 8
Dist'noce from Cen'er/ /Inches
FIG. 3. HARDNESS CONTOURS IN 1-INCH ROUND UNCARBURIZED BARS
It should be noted that Burns and his associates consider the sur-
face hardness, S, to be directly related to the carbon content, provided
that the carbon is all in solution in the austenite before quenching, and
provided that the critical cooling rate is exceeded without producing
retained austenite. This relationship of surface hardness, S, to carbon
content has been realized in general for the steels shown in Table 3,
except for bars 4 and 5, where the S value is lower than was expected
from the carbon contents reported.
The foregoing comparisons of hardenability by the Jominy and the
Burns methods were obtained for two different conditions, carburized
and uncarburized bars,' respectively. A hardenability test of the un-
carburized steels by means of the Jominy method produced a hardness
of 600 Vickers-Brinell only at distances so close to the water-cooled
end as to require hardenability ratings for the various steels to be based
on rather delicate measurements of distances of less than 1/ inch.
Hardenability ratings of uncarburized steels of low hardenability can
therefore be more easily made by means of the Burns test.
IV. HARDENABILITY OF SAE 4615-4620 STEELS
FOR CARBURIZING
10. Materials.-The Timken Roller Bearing Company and the
Republic Steel Company furnished a series of bars of SAE 4615-4620
steels whose analyses are given in Table 4. All of the bars were either
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annealed in the mill or in the laboratory for one hour at 1650 deg. F..
and furnace cooled. All except three bars, 30, 39, and 40 are fine
grained. In the series of steels shown in Table 4 bars 10 to 15 were
selected in the mill as representing heats which were melted and
processed in the same manner, and are as nearly identical in chemical
analysis, grain size, and total alloy as possible. In this bulletin these
steels are called "like heats," and they are a special group which were
intensively studied. Bar 16 has been included with these like heats
since it is similar in composition except for a slightly higher chromium
content. It was, however, not included with bars 10 to 15 in the special
tests.
The remainder of the steel bars were grouped according to contents
of manganese and chromium, since the greatest variation in the analysis
occurs in these elements.
For a few of the bars the only information available as to furnace
practice was that they were melted in the open hearth.
The specifications on a percentage basis for the SAE 4615 and
4620 grades of steel are as follows:
C Mn Ni Mo Si P S
SAE4615... 0.10-0.20 0.40-0.70 1.65-2.0 0.20-0.30 0.15-0.30 0.04max. 0.05max.
SAE4620... 0.15-0.25 0.40-0.70 1.65-2.0 0.20-0.30 0.15-0.30 0.04 max. 0.05 max.
All of the steels shown in Table 4 are within the specification
which, however, does not include any chromium content.
11. Discussion of Data.-All of the steels in Table 4 were subjected
to the Jominy bar (carburized) and Burns (uncarburized) test pro-
cedures which are described in detail in Chapters I and III.
The hardenabilities of the various bars are given in Table 5.
Figure 4 shows the variation in hardness with distance from the
water-cooled end for the Jominy bar test, while Fig. 5 shows the
hardness contours obtained in the Burns test.
The "like heats" of steel of bars 10 to 16 are not alike in their
response to carburizing and quenching, as shown in the results from
the Jominy-bar hardenability test. They also are not alike in response
to heat treatment in the uncarburized condition, as indicated in the
results from the Burns hardenability test. The full 2%1-inch harden-
ability is obtained for bars 11 and 16 only, and occurs at different
depths, 0.015 inch and 0.026 inch, respectively. The percentage hard-
enability for the two bars in the Burns test is above 80, which is a
greater hardenability than is obtained for the other steels in this group.
However, bar 12 has a Burns test hardenability of 79.4 per cent which
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Fia. 5. HARDNESS CONTOURS IN 1-INCH ROUND UNCARBUIIZED SAE 4615-4620 BARS
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Di/sance from Center /i /nches
FIG. 5 (CONCLUDED). HARDNESS CONTOURS IN 1-INCH ROUND UNCARBURIZED
SAE 4615-4620 BARS
is close enough to 80 per cent to warrant the expectation of a cor-
respondence in the Jominy bar hardenability for bar 12 and for bars
11 and 16, if the two hardenabilities were related. However, this is
not the case, and bar 12 hardens to only one inch plus at the 0.015-
inch depth, while bar 10, with a hardenability of only 73.3 per cent,
hardens to 12 inches at the 0.015-inch depth. It must, therefore, be
concluded that a prediction of hardenability of the carburized Jominy
bar cannot be made by means of a Burns test on the uncarburized
material of the SAE 4615-type steels.
ILLINOIS ENGINEERING EXPERIMENT STATION
Further tests were made on bars 10 to 15 of the like heats and the
results are discussed in detail in Chapter V of this bulletin.
The steels in group 2 of Table 5 are the low chromium steels with
manganese ranging from 0.52 to 0.60 per cent. The variation in
hardenability for the Jominy test (% to 1% inches) and the Burns test
(75 to 78.8 per cent) is less than the variation for the "like heats" of
steel in group 1 of Table 5. In general, the steels harden to a maximum
of between % inch and one inch. However, several steels (20, 21, and
22) harden to a distance only slightly greater than the plain carbon
steel, bar 1 of Table 2, which has an alloy content of only one per
cent. The bar, 18, of highest hardenability in this group has a harden-
ability of 1% inches, yet its chromium content is lower than that of
others of lower hardenability, and its manganese and molybdenum con-
tents are slightly above the average for the group. It appears, there-
fore, that in this group with low chromium content the desired harden-
ability of 22 inches cannot be obtained.
The third group of steels (26, 27, and 28) with high chromium and
normal manganese of 0.54-0.55 per cent is interesting, since two bars,
26 and 27, harden to the full 2% inches at the 0.015-inch depth, while
bar 28, which is identical with 26 as to chemistry, furnace practice,
and total alloy, exhibits shallow hardening. The grain-size of bar 28
being somewhat coarser than that of bar 26 would be expected to
correspond to an increase in hardenability rather than a decrease as
indicated. The Burns-test hardenability follows this grain-size differ-
ence, since bars 27 and 28 have higher percentage hardenabilities than
bar 26. The effect of chromium is again indefinite, since a high content
of this element in one bar does not assure high hardenability in another
bar.
The fourth group of steels (29 to 38) is low in chromium, manga-
nese, and total alloy. These steels are shallow hardening when fine
grained. The only one of the group, bar 30, which has a coarse grain
hardens to 2% inches, thus fulfilling expectations from all previous
experience with respect to the effect of grain size in the hardening of
steels. However, the Burns test on bar 30 gives a low hardenability
rating. Further inconsistencies between the Jominy and the Burns
tests for hardenability are shown for bar 32 which has the highest
rating of any of the steels treated by the Burns test and yet has a low
Jominy rating. Bars 33 and 35 are also examples of this inconsistency.
The steels of group five, 39 and 40, are coarse-grained with high
chromium, low manganese, and low total alloy. Fair hardenability is
exhibited by bar 39, and high hardenability by bar 40, due to the
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coarse grain being more effective in increasing hardenability than the
unfavorable analysis is in decreasing it. The presence of mixed coarse-
and fine-grain sizes in bar 39 may be responsible for its failure to
attain the 2% inches of hardening experienced with both uniformly-
coarse-grain steels, bars 30 and 40, but further tests with such steels
would be necessary to make a definite statement of fact.
The last group of steels in Table 5 (41 to 44) all have high alloy
content and low hardenability. The first two bars, 41 and 42, have
a lower hardenability than some of the bars in the preceding group
with much lower total-alloy content. The causes of these inconsistent
relationships have not been determined, and therefore additional
research is suggested for future consideration.
12. Summary and Conclusions from the Data in Table 5.-The
control of the chemical composition of the SAE 4615-4620 steels
within the specification limits does not assure a high hardenability in
the Jominy bar test. The control of total-alloy content to a value
above 2.90 per cent, with a chromium content of more than 0.17 per
cent, increases the frequency with which higher hardenability is
obtained, but does not assure higher hardenability. Variable factors
other than grain size and chemical composition appear to have a pre-
dominant effect since the like heats of steel with the same grain size
and chemical composition behave differently in hardening. The vari-
able factors and their effect on hardenability are discussed in the next
section.
On the basis of a specification for fine-grain SAE 4615-4620 steel
which will harden to 2%-inches at the 0.015-inch depth when car-
burized and subjected to the Jominy bar test, we have, in Table 5, 32
steels of fine-grain type out of which only three, bars 11, 26, and 27,
are acceptable. Another, bar 16, hardens to 21/2 inches, but at the
0.026-inch depth and not at the 0.015-inch depth.
The occurrence of a higher hardenability rating at the 0.026-inch
depth than at the 0.015-inch depth is not usual in this type of steel,
since in the entire series of bars in Table 5 only bars 16 and 25 of
fine-grain type and bar 39 of mixed coarse- and fine-grain type exhibit
this tendency to a marked extent. However, the Jominy test does not
indicate at what depth maximum hardenability is attained for any
bar tested at the arbitrary depths of 0.015 and 0.026 inch, since it is
entirely possible for maximum hardenability to occur at any depth
between the surface and 0.015 inch depth or between the 0.015 and
0.026 inch depths. This is actually the case, as will be shown later.
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The suggested use of the Jominy bar test for hardenability of
carburizing steels is based on the following assumption: If a steel
bar were hardened to, say, 2% inches, and any object, such as a large
gear or bearing, were taken, carburized at 1700 deg. F., and quenched
in such a manner that the surface-cooling rate was the same as the
surface-cooling rate for the Jominy bar at 21/ inches from the water-
cooled end, then the hardness value obtained at various depths in the
Jominy bar should be the same at the same depths as for the gear or
bearing. Assuming this premise to hold in all cases for the steels in
Table 5, it can be seen that the shipment of a lot of 32 such steel bars
to the automotive industry would entail considerable testing on its
part to define hardenabilities, or, if they were put into production
without testing, would result in a wide variation of properties for the
finished parts if all were carburized and heat-treated in the same man-
ner. More data are needed to determine the quantitative relationship
between the Jominy test for hardness of carburized steels and the
hardness established by the varying carburizing conditions and
quenching rates in commercial parts such as gears or bearings of large
and small dimensions. In order to obtain such data it would be neces-
sary to determine whether the distribution of carbon during the carbur-
izing of any section larger or smaller is the same as that established in
the one-inch diameter Jominy bar. It is inconceivable that the carbon
gradients (carbon content versus distance from the surface to core of
carburized bar, see Fig. 9) would be the same except for approxi-
mately the one-inch-diameter bar; therefore, the direct application of
the Jominy test would appear to be invalid for any section departing
to an appreciable extent from the one-inch-diameter cross-section.
V. SPECIAL TESTS ON THE LIKE HEATS OF SAE 4615-4620
CARBURIZING STEELS-
GROUP 1 OF TABLES 4 AND 5
13. Introductory.-The lack of uniformity in the Jominy-bar
hardenability of the like heats of steel raised several questions as to
the uniformity of the absorption of carbon for the bars, the harden-
ability for the bars at other than the 0.015- and 0.026-inch depths
specified, and the relationship of the Jominy-bar hardenability to that
actually obtained in a carburized and quenched bar.
It was also considered important to determine the effect of carbon
content on the hardenability of the steels of this type when there was
no carbon gradient present in the bar such as exists when a bar con-
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FIG. 6. MICROSTRUCTURES OF "As RECEIVED" SAE 4615-4620 STEELS;
BARS 10 TO 15 AT MAGNIFICATION OF 200X
ILLINOIS ENGINEERING EXPERIMENT STATION
FIG. 7. MICROSTRUCTURES IN HYPEREUTECTOID ZONE OF MCQUAID-EHN, GRAIN
SIZE SAMPLES; BARS 10 TO 15 AT MAGNIFICATION OF 500X
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taining a low carbon content corresponding to the SAE 4615-4620
specification is carburized. The Timken Roller Bearing Company
furnished a series of induction-furnace heats of steel with increasing
carbon content with which this part of the research was carried out.
14. Materials.-The like heats which were further examined are
bars 10 to 15 whose analyses and hardenability-test results are given in
Tables 4 and 5. The microstructures of this series of like heats are
shown in Fig. 6 along the rolling direction in the as-received condition
at a magnification of 200 diameters. The microstructures of the
hypereutectoid region of the McQuaid-Ehn test samples for grain size
of bars 10-15 are shown in Fig. 7 along the rolling direction at a
magnification of 500 diameters.
The analyses of the induction furnace heats of like analysis (except
for carbon) and approximately like total alloy are given in Table 6.
These bars were hot rolled, annealed at 1650 deg. F., and furnace
cooled.
15. Test Procedure.-The Jominy test specimens of bars 10 to 15
which were already carburized and end-quenched were ground along
the length of the bar to depths as follows: 0.005, 0.010, 0.020, 0.030
inch in addition to the two surfaces of 0.015- and 0.026-inch depths
already prepared for previous hardenability tests. Progressive hard-
ness surveys were made in the same way as for the 0.015- and 0.026-
inch depths on the new surfaces from the water-cooled to the slowly-
cooled end of the bar. These tests for depths of 5 to 30 thousandths
were designed to provide information as to the depth in the bar at
which maximum hardenability is attained. It was desirable to de-
termine along with these hardness tests at various depths what carbon
content existed in the bars at these depths, and also whether a serious
difference in the carbon gradients of the various bars is established
in the eight hours of carburizing at 1700 deg. F. One-inch diameter
bars of the like heats were prepared in six-inch lengths and carburized
at 1700 deg. F. with time and procedure the same as for the Jominy
bars. The carburizing boxes were removed from the furnace and cooled
to room temperature before removing the samples. The bars were then
placed in a lathe between the same centers as had been used previously
in preparing the bars for carburizing, and cuts were made for a total of
eight cuts of 0.005-inch depth for each cut. The carbon analyses were
carried out in the Research Laboratories of the Timken Roller Bearing
Company.
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The quenching tests on the induction furnace heats, Z1 to Zll of
Table 7, consisted of preparing Jominy specimens, heating them in cast
iron chips for one hour at 1700 deg. F., and end-quenching in the
regular manner. The bars were then ground to depths of 0.015- and
0.026-inch and surveyed for hardness.
Specimens from bar Z12, which had been melted in the induction
furnace to duplicate the like heats of bars 10 to 15 for a comparison
of the carburized hardenability of induction furnace heats with that of
the commercially-prepared heats, were carburized and quenched
according to the Jominy procedure. A low hardenability was obtained,
and the effect of an increasing carbon content was, therefore, investi-
gated by increasing the carburizing time for other specimens pre-
pared from the same bar.
To compare the prediction given by the Jominy test with the
hardenability which would be obtained for a bar of the same material
carburized and actually quenched as for commercial procedure, there
were prepared six-inch specimens one inch in diameter from bars 10
to 15. These specimens were carburized, using the same time and
procedure as for the Jominy bar, and then quenched in oil at room
temperature. The quench in oil of a one-inch round bar produces a
surface cooling rate approximately the same as that existing in the
Jominy bar at a distance of 1/ inch from the water-cooled end.*
Comparisons of the hardenability of these two types of specimens are
given for bars 10 to 15 in Fig. 23.
In order to determine the hardness at closely-spaced intervals on
the specimens quenched in oil, it was necessary to provide a hardness-
testing surface tapered from the outside to depths down to 0.030 inch.
This taper was provided by grinding the bar at a slope of %4 inch per
inch. Every %-inch interval on the hardness testing surface was
therefore equivalent to a change of 0.001953 inch or practically 0.002
inch of depth.
16. Test Data.-Hardness values for various depths in Jominy test
specimens of bars 10 to 15 are summarized in Fig. 8. The results
are shown in these curves for hardness versus depth in the bar for each
% inch from the water-cooled end.
The carbon gradient tests on bars 10 to 15 are given in Table 6 and
Fig. 9. The curves were obtained by plotting the carbon content of
the first cut of 0.005 inch on the abscissa value for half the depth of
the cut, i.e., 0.0025 inch (average depth), and likewise for the total
*H. J. French. The Quenching of Steels (1930) and reference (1) of the bulletin.
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FIG. 9. CARBON GRADIENT IN CARBURIZED BARS OF SAE 4615-4620 STEELS
of eight cuts made on the bars. A carbon gradient test for bar 29 was
included with this series because the bar showed a low hardenability
and it was of interest to determine whether its carburizing behavior
was responsible. A study of the individual curves together with a con-
sideration of the probable errors in the actual carbon analysis,
machining of cuts, etc., indicated that the series of tests should be
regarded as a group rather than individually. Accordingly a curve was
drawn for the maxima and minima of the series and for the average
carbon gradient.
Jominy hardness-test results on specimens from the induction
furnace heats Z1 to Zll which were heated to 1700 deg. F. and end-
quenched are shown in Table 7 and Figs. 10, 11, and 12; Fig. 12 is
plotted as inches of hardenability versus carbon content.
Bar Z12 whose analysis is included in Table 7 was tested for
hardenability when carburized for 8, 10, and 12 hours. The results are
given in the curves of Figs. 11 and 13, and at the bottom of Table 7.
The results of tests made on carburized one-inch round samples of
bars 10 to 15 quenched in oil from the carburizing temperature are
given in Fig. 23, together with the results on the corresponding Jominy
bars /s inch from the water-cooled end at depths of 0.005 to 0.030 inch.
17. Discussion of Data on Hardenability of Like Heats of SAE
4615-4620 Steels.-The contours for hardness versus case depth and
N-- P s I I - -
MiS^Qim /-ay
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FIG. 10. HARDENABILITY OF UNCARBURIZED INDUCTION FURNACE HEATS
WITH INCREASING CARBON
distance from the water-cooled end of the bars 10 to 15 shown in Fig.
8 indicate a peak hardness which varies as to the depth at which
it occurs, as to the distance from the water-cooled end, and as to the
bar under consideration. Bar 10 has a peak at 0.015-inch depth, bar
11 at 0.020-inch depth, bar 12 at 0.020-inch depth in general, bar 13
Z0i
0
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D/stance from Walfeir-coo/ed Ena'd /i /nc/6s
FIG. 11. HARDENABILITY OF CARBURIZED INDUCTION FURNACE HEATS
Carbon Confer f
FIG. 12. HARDENABILITY VERSUS CARBON CONTENT FOR BARS OF
INDUCTION FURNACE HEATS
at 0.010-inch depth, bars 14 and 15 at 0.015- to 0.020-inch depth. In
cases where the peak occurs at 0.015-inch depth the Jominy method of
specifying hardness at the arbitrary 0.015-inch depth is correct, but
the other bars are incorrectly rated by the Jominy test. For example,
Table 8 compares the hardenability for the various bars obtained by
Jominy's method and that obtained by the more complete survey sum-
marized in the curves of Fig. 8. Bars 10, 12, 13, 14, and 15
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FIG. 13. HARDENABILITY VERSUS CARBURIZING TIME FOR Z12 BAR OF
INDUCTION FURNACE HEAT
TABLE 8
COMPARISON OF JOMINY-TEST WITH MAXIMUM HARDENABILITY
Jominy-Test Hardenability Mafm HaFi bility
Bar
at 0.015-in. at 0.026-in. Distance from
Depth Depth Water-cooled End Depth
in. in. in.
10 1 % 10 0.015
11 2½ 1 2½ 0.020
12 1 + %+ 1 0.020
13 %+ + 1A 0.010
14 1 ½ 1 0.015
15 % + %4 14 0.020
have a somewhat more uniform hardenability than was indicated by
the tests at 0.015- and 0.026-inch depths only. The curves for bar 12
in Fig. 8 would also indicate that if hardness tests had been made at
a depth of approximately 0.0175 inch the hardenability for the bar
would probably have extended to 21 inches.
The tests made to determine the carbon gradient established by
the carburizing procedure as shown in Table 6 and Fig. 9 indicate that
the carbon gradient and carbon contents are substantially the same for
all of the bars examined. The range in which maximum hardenability
is obtained is from 0.010- to 0.020-inch depth, as seen in Table 8, and
these depths correspond to an average carbon content of 0.95 to 0.81
per cent from Table 6. It is therefore possible to state that the maxi-
mum hardenability at different depths is associated with a definite
range of carbon content.
The results of tests on the induction furnace heats Z1 to Zll
VeAfh of 6W/Si;.? -
Dep/fh of a026 /Z./
I
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shown in Table 7 and Figs. 10, 11, and 12 indicate that full hardening
is obtained for a range of carbon contents from 0.94 to 0.78 per cent
when there is no carbon gradient such as exists in a carburized bar.
Since the carburized bars have a carbon content within this range at
depths of 0.010 to 0.020 inch, they also might be expected to harden
to the full 2% inches because they are the same type of steels as the
Z1 to Zll bars. However, the results from tests on the induction
furnace heats presented in Fig. 12 show that for steels with above 0.94
per cent and below 0.78 per cent carbon a lower hardenability is
obtained. The lower hardenability is a result of the formation of sub-
stantial amounts of high temperature products of the decomposition of
austenite. On quenching from 1700 deg. F. the austenite of these steels
has a maximum stability in the range of 0.94 to 0.78 per cent carbon
content. In a bar of SAE 4615-4620 steel subjected to the Jominy test
the austenite is of variable stability due to the carbon gradient estab-
lished by carburizing, and the austenite with the carbon range for
maximum stability is interposed between austenites of lower stability.
The high temperature austenite transformation products can therefore
grow into the more stable austenite both from the high carbon and the
low carbon side, respectively, with more than 0.94 per cent and less
than 0.78 per cent carbon. Apparently in some of the steels subjected
to the Jominy test this growth of austenite decomposition products
is so rapid as to nucleate the decomposition of the austenite which
normally would have a high stability in the range of 0.94 to 0.78 per
cent carbon content if it were exclusively present in the steel.
The comparison of the hardenability of the induction furnace heats
with the carburized bars used in the Jominy test raises the question as
to the possibility of obtaining 600 (or higher) Vickers-Brinell hardness
for all of the steels in Tables 4 and 5 with the cooling rate existing at
2% inches from the water-cooled end of the Jominy bar, if the carbon
content were in the range of 0.94 to 0.78 per cent without the presence
of neighboring higher and lower carbon contents such as actually exist
in the carburized bars. A partial answer to this question is given in the
results of hardenability tests on the Z12 bar which, when carburized
for eight hours, gave a low hardenability, and, when more carbon was
added, gave an increased hardenability, as shown in Fig. 11 and Fig.
13. In discussing the results for bar Z12 carburized for 8, 10, and 12
hours it must be noted that the carbon content at the surface of the bar
in eight hours of carburizing at 1700 deg. F. is at a maximum which
will not be increased with additional carburizing time. Therefore, the
additional carburizing time has the effect of increasing the penetration
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of carbon into the core. From Table 6 the carbon content at 0.015-
and 0.025-inch depth should be on the average, respectively, 0.89 and
0.73 per cent. The latter is below the range of carbon content of
maximum hardenability for this type of steel, and the additional
carburizing time is believed to have been effective in increasing the
hardenability at 0.015-inch depth merely due to the enhanced stability
given to the austenite at greater depths. Likewise the increase in
hardenability with carburizing time for the 0.026-inch depth is appar-
ently due to the increased stability of austenite in the portions of the
bar at depths greater than 0.026 inch as a result of the higher carbon
concentration. It may be of interest to extend the tests on bar Z12 to
determine the carbon content and carburizing time required to produce
a hardenability of 2% inches at the 0.015-inch depth. The reason for
the lower stability of the austenite in different bars of SAE 4615-4620
steels beyond the range of carbon content for maximum hardenability
is not apparent from the foregoing tests. An investigation of the micro-
structures produced by the varying quenching rates provided in the
Jominy tests of the like heats, bars 10 to 15, was therefore considered
to be of value in attempting to establish the cause for varying austenite
stability in different heats of the same type of steel.
18. Discussion of Microstructure of Jominy Bars of Like Heats-
Bars 10 to 15.-The photomicrographs shown in Figs. 14 to 18 at a
magnification of 1000 diameters were taken at the 0.015-inch depth at
1/, 1/4, 2 and 2% inches from the water-cooled end of bars 10 to 15
which had been carburized and end-quenched. At a distance of 1/ inch,
as shown in Fig. 14, the structures are all martensitic with small
amounts of retained austenite. All the structures are similar except
for bar 12 which has a somewhat coarser martensite.
At the 1%-inch distance, Fig. 15, we find some evidences of
austenite instability in each bar as shown in the non-martensitic areas
where the austenite has transformed at a higher temperature. The
black areas where the austenite has transformed to upper bainite are
most in evidence in bars 10, 13, and 14, while bars 11, 12, and 15 are
similar and therefore indicate practically identical austenite stability
at this distance and depth.
At the 2-inch distance, Fig. 16, the transformation of austenite at
the higher temperatures has progressed considerably in all bars except
11, for the black areas have greatly increased in extent in bars 10, 12,
13, 14, and 15, but to a lesser extent in bar 11.
At the 2%-inch distance, as shown in Fig. 17, there is little change
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FIG. 14. MICROSTRUCTURES AT 0.015-INCH DEPTH AND Y INCH FROM
WATER-COOLED END OF BARS 10 TO 15 AT MAGNIFICATION OF 1000X
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FrG. 15. MICROSTRUCTURES AT 0.015-INCH DEPTH AND 11/ INCHES FROM
WATER-COOLED END OF BARS 10 TO 15 AT MAGNIFICATION OF 1000X
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FIG. 16. MICROSTRUCTURES AT 0.015-INCH DEPTH AND 2 INCHES FROM WATER-COOLED
END OF BARS 10 TO 15 AT MAGNIFICATION OF 1000X
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FIG. 16 (CONCLUDED). MICROSTRUCTURES AT 0.015-INCII DEPTH AND 2 INCHES FROM
WATER-COOLED iEND OF 1BARS 10 TO 15 AT MAGNIFICATION OF 1000X
except in bars 10 and 11 where there appears to have occurred a
slightly increased austenite transformation at the higher temperature.
In all of the photomicrographs at 2 and 21/2 inches from the water-
cooled end it was difficult to choose a representative field since closely
adjacent areas showed considerable contrast in the amount of mar-
tensite and transformed austenite. This contrast was of varying degrees
in the different bars, but appeared to be highest in bar 15. Figure 18
shows areas of bar 15 closely adjacent to the field of the same bar
shown in Fig. 17. In Fig. 18a is an area which indicates that a larger
amount of martensite has formed than is seen in the field of bar 15 in
Fig. 17, while Fig. 18b shows almost complete transformation at the
higher temperatures with practically no martensite formed. The reason
for the lack of uniformity of microstructure is indicated by the photo-
micrographs in Fig. 19, which were taken at the 2%-inch distance from
the water-cooled end of the bar and at the 0.015-inch depth. These
photographs are at a magnification of 50 diameters, and show bands
of dark and light areas which are parallel to the longitudinal axis of
the bar. In the darker areas the austenite has transformed more com-
pletely at the higher temperatures than in the lighter areas in which
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Fli. 17. MICiosTRIUCTURES AT O.l0-INcH DEPTH AXND 21/ INCHES FROM WATER-
COOLED END OF BAlRS 10 TO 15 AT MAGNIFICATION OF 1000X
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FIG. 17 (CONCLUDED). MICROSTRUCTURES AT 0.015-INCH DEPTH AND 212 INCHES
FROM WATER-COOLED END OF BARS 10 TO 15 AT MAGNIFICATION OF 1000X
FIG. 18. VARIATION IN M~CR(;STIHUCTU~RE CF BAR 15i AT 0.015-INCH DEPTH AND
22 INCHES FROM WATER-COOLED END AT MAGNIFICATION OF 1000X
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FIG. 19. MICROSTRUCTURES AT 0.015-INCH DEPTH AND 2 INCHES FROM
WATER-COOLED END OF BARS 10 TO 15 AT MAGNIFICATION OF 50X
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martensite is present. It is significant that all the bars, including bar
11, which had the highest hardenability of the group of like heats, show
the presence of the banded areas.
Since the bands of high transformation products and martensite
are of low and high hardness respectively, it is possible for the indent
of the Vickers-type hardness-testing machine to be located by chance
in an area of low hardness or high hardness, thus leading to erratic
hardness values in the portions of the bar where the banded areas
occur. The indent for the 2%-inch distance in bar 11 has purposely
been included in Fig. 19 to indicate the possibility of erratic values
being obtained in the Jominy test, since it can be seen that a shift of
the indent slightly to the left or right of its position would locate it
in the darker bands of lower hardness. This is actually the case for
many of the bars shown in Fig. 4 where erratic hardness readings
were obtained, and subsequent tests on bar 15 showed that a hardness
of 613 Vickers-Brinell could be obtained near the 2%-inch distance
while closely adjacent areas gave readings as low as 383.
Bars 10, 12, and 13 have the most uniform appearance in Fig. 19
indicating a fairly uniform austenite instability at 2% inches and the
0.015-inch depth. On the other hand bars 11, 14, and 15 show pro-
nounced evidence of localized low-stability of the austenite in the
darker bands. The width of the bands decreases in the order 15, 14,
11, which is the same as the order of hardenability (Table 5) for these
steels. Bar 10 is also less banded than bar 12, and has a higher harden-
ability, but bars 10 and 12 have less evidence of banding than bar 11,
which has the highest hardenability.
The presence of banding is also indicated in the photomicrographs
of the "as received" steels of bars 10 to 15, as shown in Fig. 6.
The most pronounced banding occurs in bars 10, 14, and 15. The bars
14 and 15 show a whiter ferrite free from etching constituents such as
are present in the ferrite of bars 10 to 13. There is no characteristic
difference between bar 11 and bars 12 and 13 which would indicate the
reason for the high hardenability that is obtained for bar 11.
The existence of banding in steels has been associated in the
literature (references 3, 4, 6) with the original dendritic structure of
the ingot where segregation of inclusions or chemical segregation
occurs at the dendrite boundary, and is then rolled out into elongated
areas containing the segregated material. In Figs. 20 and 21 the
steels of bars 10 to 15 show in the polished and unetched condition the
presence of so-called "stringers" or elongated areas of inclusions
which are oriented in the rolling direction. The inclusions found in
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FIG. 20. DEOXIDATION TYPE INCLUSIONS IN VARIOUS BARS AT
MAGNIFICATION OF 200X
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FIG. 21. DEOXIDATION TYPE INCLUSIONS IN VARIOUS BARS AT
MAGNIFICATION OF 1000X
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these steels are of the deoxidation type, and two of the bars, 11 and 14,
have been examined by Mr. R. K. Lee, Research Engineer of the
Timken Laboratory, with the following results, on a percentage basis:
Si02 A120 3  FeO MnO
Bar 11. .................. 0.0008 0.0031 0.0015 0.0001
14................... 0.0008 0.0032 0.0016 0.0001
A petrographic examination of the inclusions separated from the steels
by means of the special methods developed by the Timken Laboratory
showed a very large amount of alumina inclusions, a small amount of
glassy inclusions with a refractive index of 1.51, and a very small
amount of glassy inclusions with a refractive index of 1.48. The bars
11 and 14 have closely checking values for the chemical contents of the
inclusions, thus indicating close control of the furnace and deoxidation
practice. According to the experience of the Timken Roller Bearing
Company it is reasonable to assume that since the same control was
used in melting and deoxidizing the remaining bars of the like heats
of steel melted in the same furnace, they will show a similarity in the
analysis of the inclusions. However, it cannot be assumed that since
the analysis of the inclusions is the same the distribution and size of
the inclusions will be the same in each bar. The distribution and size
will be affected by length of time the steel is in the ladle, pouring
temperature, cooling rate of the ingot, and the rolling operation, in
which there may be sufficient variation to promote differences in the
distribution pattern of the inclusions in the steel.
The effect of inclusions and banding are important in this study
since it has been found that low hardenability in localized areas of the
Jominy bars occurs in bands where the austenite has transformed at
higher temperatures. Other areas which appear to have a lesser number
of the small alumina inclusions have a higher austenite stability and
harden to a higher degree. Differences in the dispersion of the inclu-
sions and their size may then account for the differing hardenabilities
obtained in steels of the same type, chemical analysis, grain size, and
inclusion analysis, since this study has shown that the transformation
of austenite at the higher temperature takes place first at surfaces of
the inclusions at the depths corresponding to the carbon range for
maximum hardenability. Proof of this assertion is given in Fig. 22,
which shows micrographs of bar 11 at the 0.015-inch level, and at
approximately /4 to one inch from the water-cooled end. The
photomicrographs are at a magnification of 4200 diameters, and show
the inclusions with the black areas of high-temperature transformation
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FIG. 22. AUSTENITE TRANSFORMATION AT HIGH TEMPERATURES STARTING
FROM INCLUSIONS; MAGNIFICATION 4200X
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FIG. 23. COMPARISON OF JOMINY BAR HARDENABILITY AT 1/8 INCH FROM
WATER-COOLED END WITH HARDENABILITY OF CARBURIZED BAR
QUENCHED IN OIL FROM 1700 DE. F.
products starting from the surface of the inclusion, the rest of the
structure being martensite.
The more uniformly the inclusions are dispersed, the more effective
they would appear to be in promoting a low austenite stability in the
whole volume in the Jominy bar. On the other hand, the restriction of
the inclusions to narrow bands or stringers would restrict low hard-
enability or austenite instability to a small volume of steel surround-
ing the stringer or band, and would permit the areas comparatively
free from such inclusions to harden to a higher degree. Inclusions of
very small size if uniformly, dispersed provide a larger surface area
which may be more effective in promoting austenite instability over
a larger volume of the steel than the same total amount of inclusions of
larger particle size. Such variation in the distribution of inclusions is
shown in Figs. 20 and 21, where bars 10 and 14, which have a lower
hardenability than bar 11, have a more uniformly dispersed distribu-
tion of the inclusions. The inclusions in bar 11 are in larger stringers
without the presence of a large number of the smaller inclusions, such
as are present in bars 10 and 14.
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TABLE 9
COMPARISON OF JOMINY BAR HARDENABILITY AT Y INCH WITH HARDENABILITY OF
CARBURIZED BAR QUENCHED IN OIL FROM 1700 DEG. F.
Hardness at 0.015-in. Depth Hardness at 0.026-in. Depth
Bar
Jominy
Bar
10 ........................ 635
11........................ . 640
12....................... . 735
13 ........................ 803
14 ........................ 698
Maximum difference for the
series of bars........... 168
Oil
Quenched
Bar
762
762
698
795
782
727
84
Difference
127
122
+37
+ 8
84
42
Jominy
Bar
780
795
818
820
781
803
40
Oil
Quenched
Bar
824
800
782
827
782
782
45
Difference
44
5
+36
7
1
+21
Note: In the difference columns the plus sign indicates a higher hardness for the Jominy bar.
Quantitative determinations of particle size of the inclusions and
their distribution have not been made since an intensive study of
these factors is contemplated for further research in the problem of
hardenability. The possible effect of chemical segregation in producing
areas of lower austenite stability will also be investigated by means
of various heat treatments of the Jominy bar prior to carburizing.
19. Discussion of the Data on Predictability of Hardenability by
Means of the Jominy Bar.-The curves of Fig. 23 summarize the data
obtained in a study of the hardenability predicted by the Jominy bar
hardness contours at % inch from the water-cooled end. The degree to
which the curve for the oil-quenched bar can be superimposed on the
Jominy test hardness contour is a measure of the accuracy of the
Jominy hardenability prediction. In general the curves are in close
correspondence at the 0.026-inch depth, but at the 0.015-inch depth
there is a considerable spread in the values for all except bar 13. An
analysis of these curves has been put into Table 9, which shows the
spread in values obtained. As indicated in Table 9, the correspondence
between the hardenability test performed on a bar actually put through
the carburizing and hardening operation and the Jominy bar is fair if
we consider the 0.026-inch depth only. The Jominy bar predicted an
extreme difference of 40 Vickers-Brinell units for the six bars at the
0.026-inch depth, while the actual extreme difference was 45 units.
For the 0.015-inch depth the Jominy bar predicted a maximum differ-
ence for the six bars twice as great as that actually found. The steels
are therefore more uniform than they would appear to be from the
-------------------
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TABLE 10
COOLING RATE AT VARIOUS DISTANCES FROM WATER-COOLED END COOLED FROM
1700 DEG. F. (JOMINY AND BOEGEHOLD)
Distance from Rates of Cooling, deg. F. per second
Water-cooled Time in Seconds Time in Seconds to
End to Cool to Cool from 1000 to
in. at 1300 deg. F. at 1000 deg. F. 900 deg. F. 900 deg. F.
46 420 420 2 0.44
Me 93 42 12 4.9
M6 61 24 24 8
Ms 25 12.5 42 16
'Me 12.5 8.1 66 24
lts 7 5 123 40
23 4.5 2.7 220 76
Jominy test. For bars 12 and 13 the Jominy-bar curves show a peak
hardness at 0.020 inch, which is a higher hardness than is developed
in the corresponding oil-quenched bars for the depths tested. Since
hardness was not determined at greater depths than 0.030 inch it is not
known whether the curves which do not show peaks would have shown
an appreciably higher hardness at depths below 0.030 inch.
In considering the differences in hardenability shown in Fig. 23
and Table 9 it is seen that the greatest differences are obtained at the
outside of the bar. Since the cooling rates here are substantially the
same for the two bars, according to Jominy's investigation of cooling
rates, it is apparent that some other variable has not been considered.
An analysis of the thermal history of any cross section of the Jominy
bar cooled from one end can be made as follows, although it must
be noted that no actual thermal data have been obtained for the
Jominy bar beyond that obtained by Jominy and Boegehold and shown
in Table 10:
If the Jominy bar were cooled uniformly at the flat portion of
the cup end and no heat loss occurred by radiation and conduction
to the atmosphere from the cylindrical surface, the temperature and
cooling rate across any section parallel to the water-cooled end would
be uniformly the same. However, there is some heat loss from the
cylindrical surface, and it is possible that the jet of water which is used
to cool the cupped end of the bar does not do so uniformly, but cools
the center more rapidly due to the diameter of the jet of water being
smaller than the diameter of the cup.
A curve showing the cooling rate versus the distance from the center
across any section would therefore depart from a straight line to
different degrees varying with the distance of the cross section from the
water-cooled end. It will also be noted that near the end of the bar
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where the adapter is screwed into the sample, as shown in Fig. 1, there
is an additional loss of heat by conduction through the adapter and
radiation from the flat end of the bar, thus permitting a slightly higher
cooling rate to be attained at the end of the bar than at approximately
2% inches from the water-cooled end.
The temperature gradient established in the cross section of the
one-inch bar quenched in oil is steeper and in the opposite direction
from that for the Jominy bar, since the cylindrical surface of the oil-
quenched bar in contact with oil is cooled more rapidly than the
center. In the latter case it is possible for the stress, during the
quenching operation, to build up to a higher value than for a cross
section of the Jominy bar with the same surface cooling rate. Ap-
parently this stress has made it possible to attain a higher hardness
at the outside of the oil-quenched bar than for the Jominy bar. The
quench that the Jominy bar received is then less drastic at the cross
section % inch from the water-cooled end than that obtained in quench-
ing a one-inch round bar in oil, and it is therefore especially per-
plexing that a higher hardness is obtained at 0.020 inch for Jominy
bars 12 and 13 than for the oil-quenched bars. Further work on the
actual determination of cooling rates and effects of stress during
quenching will be necessary for a complete explanation of the
differences found. A comparison of the microstructures at the same
levels in the two bars and X-ray diffraction studies of the amount
of retained austenite at different depths will also be of value.
A comparison of the Jominy hardenability for distances of 21%
inches from the water-cooled end with the hardenability of a bar
carburized and quenched with a similar cooling rate has not yet been
made. However, preliminary studies of the reaction rate at constant,
subcritical temperature for the carburized bars have shown that the
same microstructure as exists at the 2%1-inch distance on the Jominy
bar can be reproduced by this means, and it will be a valuable method
of studying the effect of the distribution of inclusions and banded
areas on the stability of the austenite in the different bars. The
results so far obtained on one bar indicate the presence of grain
boundary carbides in the highest carbon region near the surface of
the bar which apparently nucleate the austenite transformation at
higher temperatures. This phenomenon would therefore explain the
lower hardenability obtained for the higher carbon region in the
Jominy bar at lower rates of cooling than are necessary for the re-
tention of austenite.
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VI. SUMMARY AND CONCLUSIONS
20. The Hardenability of Carburizing Steels as Determined by the
Jominy-Bar Test.-As a result of this investigation the following con-
clusions may be drawn:
(1) The results of tests made on various SAE steels in the car-
burized condition indicate that differences in hardenability are de-
terminable by means of the Jominy test.
(2) In general, the hardenability is greater the higher the alloy
content of the steel. Specifically, for the SAE 4615-4620 grade of steel
it has been found that higher hardenability is more often obtained
when the alloy content is above 2.90 per cent and the chromium above
0.17 per cent, but the desired hardenability of 2/2 inches is not
assured by satisfying these limits.
(3) For the SAE 4615-4620 steels the indications are that an un-
favorable distribution of the inclusions may be more effective in
reducing hardenability than is a favorable chemical composition in
stabilizing the austenite. It has been shown in the results cited in the
bulletin that a series of steels with substantially the same grain size,
chemical composition, carbide rejection habit (in McQuaid-Ehn
microstructure), and the same amount of inclusions do not harden
to the same extent when carburized, due apparently to the difference
in the distribution of the inclusions, and possible chemical segregation
associated with the inclusions in the various steels.
(4) It would appear, therefore, that, provided a marked reduction
in the amount of inclusions or the extent of their dispersion could be
made by suitable melting, deoxidation, casting, and rolling methods,
without causing a change in the grain size, it would be possible to
increase the hardenability of the fine grain SAE 4615-4620 steels.
Such application of suitable methods and their effect on hardenability
would be desirable as a part of an extended program of cooperative
investigation.
(5) The result of comparisons made between the hardenability
as found at the %-inch distance in the Jominy bar and the harden-
ability found for one-inch round carburized bars quenched in oil has
shown that the hardenability which the Jominy test predicts is not
entirely realized. There is a close correspondence of hardenability for
the Jominy bar at % inch from the water-cooled end and for the oil-
quenched bar at a depth of 0.026 inch. The fundamental difference
in the cooling rates over the cross section for the Jominy bar and for
a bar quenched by total immersion has been suggested as a possible
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reason for the differences in hardenability observed. The Jominy bar
is so designed as to cool from the center of the cross section with a
slight temperature gradient, while the fully-immersed bar cools from
the outside surface and with a steep temperature gradient. The trans-
formation of austenite therefore takes place in the latter case in a
system of stress while the Jominy bar transformation takes place in
a practically stress-free condition.
(6) The comparison of the hardenability of the Jominy bar at 21
inches from the water-cooled end with bars carburized and cooled
at the same rate has not been made.
The same cooling rate as in the Jominy bar 21/2 inches from the
cooled end could be established in a bar larger than one inch round
by quenching in oil or water and in a bar smaller than one inch
diameter by an air quench. It would therefore be necessary to de-
termine to what degree the carbon gradient of such carburized bars
differs from that of the carburized Jominy bar.
In view of the discrepancies observed between the Jominy-bar
hardenability at 1/ inch and an actual quench of a carburized bar it
is reasonable to expect a difference between the hardenability at the
2%-inch distance on the Jominy bar and that of a large carburized
bar in which this rate of cooling is duplicated.
It is to be hoped that tests of this nature will be made and the
extended data presented in order to completely define the applicability
of the Jominy test to the study of the hardenability of carburized
sections of various mass.
(7) A comparison of the hardenability results obtained by means
of the Jominy test and the Burns test indicates that there is no con-
sistent relationship between them for the SAE 4615-4620-type steels.
The Burns test provides a critical cooling rate at the surface of the
bar, and is used for steels of low carbon content, while the Jominy
test provides a variety of cooling rates and is useful for steels of high
carbon content and consequently of lower critical cooling rate. A pre-
diction of the hardenability of the carburized Jominy bar can therefore
not be made by means of the simpler Burns test on the uncarburized
material.
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Bulletin No. 304. A Distribution Procedure for the Analysis of Slabs Continuous
Over Flexible Beams, by Nathan M. Newmark. 1938. One dollar.
Circular No. 34. The Chemical Engineering Unit Process--Oxidation, by
Donald B. Keyes. 1938. Fifty cents.
Circular No. 35. Factors Involved in Plate Efficiencies for Fractionating
Columns, by Donald B. Keyes. 1938. Twenty cents.
Bulletin No. 305. Summer Cooling in the Warm-Air Heating Research Resi-
dence with Cold Water, by Alonzo P. Kratz, Seichi Konzo, Maurice K. Fahnestock
and Edwin L. Broderick. 1938. Ninety cents.
Bulletin No. 306. Investigation of Creep and Fracture of Lead and Lead Alloys
for Cable Sheathing, by Herbert F. Moore, Bernard B. Betty, and Curtis W. Dollins.
1938. One dollar.
Reprint No. 12. Fourth Progress Report of the Joint Investigation of Fissures
in Railroad Rails, by H. F. Moore. 1938. None available.
Bulletin No. 307. An Investigation of Rigid Frame Bridges: Part I, Tests of
Reinforced Concrete Knee Frames and Bakelite Models, by Frank E. Richart,
Thomas J. Dolan, and Tilford A. Olson. 1938. Fifty cents.
Bulletin No. 308. An Investigation of Rigid Frame Bridges: Part II, Labora-
tory Tests of Reinforced Concrete Rigid Frame Bridges, by W. M. Wilson, R. W.
Kluge, and J. V. Coombe. 1938. Eighty-five cents.
Bulletin No. 309. The Effects of Errors or Variations in the Arbitrary Con-
stants of Simultaneous Equations, by George H. Dell. 1938. Sixty cents.
Bulletin No. 310. Fatigue Tests of Butt Welds in Structural Steel Plates, by
W. M. Wilson and A. B. Wilder. 1939. Sixty-five cents.
Bulletin No. 311. The Surface Tensions of Molten Glass, by Cullen W.
Parmelee, Kenneth C. Lyon, and Cameron G. Harman. 1939. Fifty-five cents.
*Bulletin No. 312. An Investigation of Wrought Steel Railway Car Wheels:
Part I, Tests of Strength Properties of Wrought Steel Car Wheels, by Thomas J.
Dolan and Rex L. Brown. 1939. Seventy cents.
Circular No. 36. A Survey of Sulphur Dioxide Pollution in Chicago and
Vicinity, by Alamjit D. Singh. 1939. Forty cents.
Circular No. 37. Papers Presented at the Second Conference on Air Condition-
ing, Held at the University of Illinois, March 8-9, 1939. 1939. Fifty cents.
Circular No. 38. Papers Presented at the Twenty-sixth Annual Conference on
Highway Engineering, Held at the University of Illinois, March 1-3, 1939. 1939.
Fifty cents.
*Bulletin No. 313. Tests of Plaster-Model Slabs Subjected to Concentrated
Loads, by Nathan M. Newmark and Henry A. Lepper, Jr. 1939. Sixty cents.
*Bulletin No. 314. Tests of Reinforced Concrete Slabs Subjected to Concen-
trated Loads, by Frank E. Richart and Ralph W. Kluge. 1939. Eighty cents.
*Bulletin No. 315. Moments in Simple Span Bridge Slabs with Stiffened Edges,
by Vernon P. Jensen. 1939. One dollar.
*Bulletin No. 316. The Effect of Range of Stress on the Torsional Fatigue
Strength of Steel, by James 0. Smith. 1939. Forty-five cents.
*Bulletin No. 317. Fatigue Tests of Connection Angles, by Wilbur M. Wilson
and John V. Coombe. 1939. Thirty-five cents.
Reprint No. 13. First Progress Report of the Joint Investigation of Continuous
Welded Rail, by H. F. Moore. 1939. None available.
Reprint No. 14. Fifth Progress Report of the Joint Investigation of Fissures in
Railroad Rails, by H. F. Moore. 1939. None available.
*Circular No. 39. Papers Presented at the Fifth Short Course in Coal Utiliza-
tion, Held at the University of Illinois, May 23-25, 1939. 1939. Fifty cents.
*Reprint No. 15. Stress, Strain, and Structural Damage, by H. F. Moore.
1939. Fifteen cents.
*Bulletin No. 318. Investigation of Oil-fired Forced-air Furnace Systems in
the Research Residence, by A. P. Kratz and S. Konzo. 1939. Ninety cents.
*Bulletin No. 319. Laminar Flow of Sludges in Pipes with Special Reference to
Sewage Sludge, by Harold E. Babbitt and David H. Caldwell. 1939. Sixty-five cents.
*Bulletin No. 320. The Hardenability of Carburizing Steels, by Walter H.
Bruckner. 1939. Seventy cents.
*A limited number of copies of bulletins starred are available for free distribution.
UNIVERSITY OF ILLINOIS
Colleges and Schools at Urbana
COLLEGE OF LIBERAL ARTS AND SCINCEs.-General curriculum with majors in the hu-
manities and sciences; specialized curricula in chemistry and chemical engineering;
general courses preparatory to the study of law and journalism; pre-professional
training in medicine, dentistry, and pharmacy.
COLLEGE OF COMMERCE AND BUSINESS ADMINISTRATION.-Curricula in general business,
trade and civic secretarial service, banking and finance, insurance, accountancy,
transportation, commercial teaching, foreign commerce, industrial administration,
public utilities, and commerce and law,
COLLEGE or ENGINEERING.-Curricula in agricultural engineering, ceramics, ceramic en-
gineering, chemical engineering, civil engineering, electrical engineering, engineer-
ing physics, general engineering, mechanical engineering, metallurgical engineering,
mining engineering, and railway engineering.
COLLEGE OF AGRICULTURE.-Curricula in agriculture, floriculture, general home econom-
ics, and nutrition and dietetics.
COLLEGE or EDUCATION.-Curricula in education, agricultural education, home econom-
ics education, and industrial education. The University High School is the practice
school of the College of Education.
COLLEGE OF FINE AND APPLID ARTs.-Curricula in architecture, art, landscape architec-
ture, and music.
COLLEGE OF LAW.-Professional curriculum in law.
ScCaoL OF JouRNALISM.-General and special curricula in journalism.
SCAOOL OF PHYSICAL EDUcATION.-Curricula in physical education for men and for
women.
LInRARY ScnooL.-Curriculum in library science.
GRADUATE ScHooL.-Advanced study and research.
Summer Session.-Courses for undergraduate and graduate students.
University Extension Division.-Courses taught by correspondence, extramural courses,
speech aids service, and visual aids service.
Colleges in Chicago
COLLEGE OF MEDICINE-Professional curriculum in medicine.
COLLEGE OF DExTISTRY.-Professional curriculum in dentistry.
COuEGE, O PHARMAACY.-Professional curriculum in pharmacy.
University Experiment Stations, and Research and
Service Organizations at Urbana
AGRICULTURAL EXPERIMENT STATION BURAU OF BUSINEss RESEARCH
ENGINEERING EXteRIMENT STATION BUREAU OF COMMUNITY PLANNING
EXTiENSONN SERVICE IN AGRICULTURE BUREAU OF EDUCATIONAL RESEARCH
asD HOMENEcONOMIcs BUREAU OP INSTITUTIONAL RESEARCH
RA~m STATrON (WILL) UIVERsITY OF ILLINOIS PRIss
State Scientific Surveys and Other Divisions at Urbana
STATE GoaOGtcAL SURVEY STATE DIAGNOSTIC LABORATORY (for
STATE NATUIAL. HiSTOm Suwavty Animal Pathology),
STAT^ WAn SuaVEY U. S. SoQnkB, PODUCTS LABORATORY
For general catalog of the University, special circular, and other information, address
. Ta REGISTUARi, MUIViSER Y O tL o•.
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